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Abstract
Recent experimental and theoretical studies suggest that the quarkonia suppression in a thermal
QCD medium created at heavy ion collisions is a complex interplay of various physical processes.
In this article we put together most of these processes in a unified way to calculate the charmonium
survival probability (nuclear modification factor) at energies available at relativistic heavy ion
collider (RHIC) and large hadron collider (LHC) experiments. We have included shadowing as the
dominant cold nuclear matter (CNM) effect. Further, gluo-dissociation and collision damping have
been included which provide width to the spectral function of charmonia in a thermal medium
and cause the dissociation of charmonium along with usual colour screening. We include the
colour screening using our recently proposed modified Chu and Matsui model. Furthermore, we
incorporate the recombination of uncorrelated charm and anti-charm quark for the regeneration
of charmonium over the entire temporal evolution of QGP medium. Finally we do the feed-down
correction from the excited states to calculate the survival probability of charmonium. We find
that our unified model suitably describes the experimental nuclear modification data of J/ψ at
RHIC and LHC simultaneously.
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I. INTRODUCTION
The physical picture of quarkonium dissociation in a thermal medium has undergone
theoretical and experimental refinements over the last decade [1]. Heavy quarkonia (J/ψ, Υ
etc.) suppression is considered as the most classical observable of QGP formation in heavy
ion collision experiments. This is because the heavy mass scale (m = 3.1 GeV for J/ψ and
m = 9.2 GeV for Υ) makes these system possible for analytical treatment theoretically.
On the other side, decay of heavy quarkonia via dileptonic channel lead to relatively
clean signal which can be precisely measured experimentally. Till the mid-2000s, Debye
screening was thought to be the only possible mechanism for the anomalous suppression
of charmonium (J/ψ) and bottomonium (Υ) [2] in QGP medium. However, experimental
results involve some puzzling features which defy explanations based on color screening
alone [3–7]. The first such experimental result is the less suppression at mid-rapidity
than forward rapidity observed at RHIC and also at LHC [6, 7] which is in contradiction
to the color screening scenario (as color screening predicts larger suppression at higher
density region of plasma which is actually the mid-rapidity). Second such experimental
result is the same amount of charmonium suppression at SPS and RHIC energies for the
same number of participants [4]. Although, the available energy spans over two order
of magnitude in moving from SPS to LHC, the amount of charmonium suppression is
found to be similar. Regeneration of charmonia in QGP through the recombination of
c and c¯ quarks is believed as the main reason for this experimental observation. Third
experimental observation is the suppression pattern in forward and backward rapidity in
d − Au collision at RHIC. A suppression is observed at forward rapidity (in the d-going
direction) and an enhancement at backward rapidity (in the Au-going direction) [8]. This
result suggests the importance of charmonia break-up effects in nuclear matter at final
stages of collision apart from usual cold-nuclear-matter effects in the initial stage. All these
experimental observations suggest that the charmonium suppression in QCD plasma is
not the result of a single mechanism, but is a complex interplay of various physical processes.
On the theoretical side, the development in thermal field theory shows that the static
potential between two heavy quarks placed in a QCD medium consists of two parts [9, 10].
It is the first part which represents the standard time-independent Debye-screened potential
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(Earlier it was thought that the Debye-screened potential is only the dominant part in
heavy-quark potential based on which one can understand the dissociation of quarkonia
in QGP). The second part of potential, other than the standard Debye-screened part, is
imaginary and in the limit of t → ∞, represents the thermal decay width induced by
Landau damping of the low frequency gauge fields that mediate interaction between two
heavy quarks [9]. Later Brambilla et al. [11] have shown that the apart from thermal width
originates from the imaginary part of the gluon self energy, singlet to octet transition of
heavy meson resonance due to the gluonic interaction also contribute to the decay width
of quarkonia states. In a QGP, gluons can collide with a color-singlet heavy quarkonium
leading to its dissociation [12]. Dissociation by the absorption of a single gluon is allowed as
the color-octet final state of a free quark and anti-quark can propagate in the colored QGP
medium, in contrast to the color-less hadronic medium. One of the earlier treatment of the
dissociation of heavy quarkonium by the absorption of a E1 gluon (where E1 is the lowest
electric mode for the spin-orbital wave function of gluons) was carried out by Peskin and
Bhanot [13, 14]. Therefore, the dissociation of quarkonia does not happen only due to the
Debye screening but it can occur by the gluonic dissociation and the collisional damping
(Landau damping) as well.
The production of charmonium in nucleon-nucleon collisions is also an involved pro-
cess [15]. The charmonia production process in elementary hadronic collision e.g., p + p
collision, begins with the formation of a cc¯ pair; this pair can then either lead to open
charm production or subsequently bind to form a charmonium state (about 10% for
all charmonia) [16]. The dominant high energy production mechanism for charmoina is
gluon-gluon fusion. Based on the scales involved, the production process of charmonia
is believed to be factorisable into two parts: a charm and anti-charm quark produced
through nucleon-nucleon collision is a perturbative QCD process [15]. However, the
formation and evolution of this pair into a meson is governed by non-perturbative QCD.
Hence, heavy-quarkonia provide a unique laboratory which can explore the interplay of
perturbative and non-perturbative QCD effects. A variety of theoretical approaches has
been proposed in the literature to calculate the heavy quarkonium production in nucleon-
nucleon collisions [17–22]. Non-relativistic QCD (NRQCD) [17, 18] and fragmentation
approaches [19, 20] are the two theoretical methods based on QCD which are being used
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in most of the quarkonium production and suppression models. However, the heavy
quarkonium production mechanism is still a topic of intense debate.
The heavy quarkonia production processes, in the case of nucleus-nucleus collision, are
significantly affected by the nuclear environment [23]. These effects are known as cold
nuclear matter (CNM) effects. In most of the literature, three CNM effects are considered.
The first and dominant CNM effect in the case of quarkonium production is shadowing.
Change in the parton distribution function in the nucleus which control the initial parton
behaviour and strongly depends on the collisional kinematics ( in the small x region nuclear
parton distribution function is clearly suppressed compared to that of nucleon) is known
as shadowing [24]. The shadowing cause the production cross-section to become less in
A − A case to that of pure N-N collision. Second CNM contribution is known as Cronin
effect [25, 26]. It describes the initial gluon multi-scattering with the neighbouring nucleons
presented in the nucleus prior to hard scattering and the quarkonia formation. This
results in the broadening of transverse momentum distribution of produced charmonia.
Nuclear absorption [27] is another CNM contribution to the charmonia production. The
interaction between charmonium and the primary nucleons leads to the normal suppression
of charmonia. Nuclear absorption is the dominant CNM effect at lower energies. However,
the cross-section for nuclear absorption decreases with the increase in energy [28].
Recently, it has been proposed that recombination of initially uncorrelated c and c¯ quarks
in QGP can also regenerate the charmonia states [29–35]. The calculation of regeneration
of charmonium is based on statistical hadronization model [29, 30] and kinetic model in
which the J/ψ production is described via dynamical melting and regeneration over the
whole temporal evolution of the QGP [31–33, 35]. Some transport calculations were also
performed to calculate the number of regenerated J/ψs [36, 37]. At lower energies, this
contribution is very low almost negligible because of the fewer number of initially produced
charm quarks. However, at higher energies of RHIC and LHC, the regeneration factor
become important. Thus J/ψ whose suppression is actually proposed as a signal to confirm
the existence of quark gluon plasma earlier can also turn out to provide extremely useful
probe for QCD medium created at heavy ion collision experiments.
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In this article we present a unified model which includes most of the above discussed
dissociation as well as production (recombination) processes to finally calculate the survival
probability of J/ψ in QGP medium. We have constructed this model based on the kinetic
approach whose original ingredients was given by Thews et al. [33–35]. In this approach,
there are two terms written on the basis of Boltzmann kinetic equation. First term, which
we call as dissociation term, includes the dissociation processes like gluonic dissociation and
collisional damping. The second term (formation term) provides the (re)generation of J/ψ
due to the recombination of charm-anticharm quark. These two terms compete over the
entire temporal evolution of the QGP and at freeze-out temperature we get the multiplicity
of finally survived J/ψs. To include the gluonic dissociation we took help of a model which
was developed by Nendzig and Wolschin [38] and later used by two of the authors [39]. The
thermal width due to collisional damping is calculated based on the thermal field theory as
discussed by M. Laine et. al. [9]. We have also included the shadowing effect to incorporate
the CNM effect properly into the production process. We consider color screening as a
dissociation process of charmonium acting till the formation of charmonium bound states
followed by gluonic dissociation along with the collisional damping. It means that the
color-screening is active at the initial times of medium evolution when the temperature is
high enough to melt-down the charmonia states. Later the dissociation probability by color
screening diminishes rapidly and becomes zero at lower temperatures (time larger than the
quarkonia formation time). To include the dissociation of J/ψ due to Debye screening (color
screening) in the QCD plasma, we have used a new model constructed by two of the authors
based on the color screening in the QGP [40, 41]. In this color screening model we have used
the quasipaticle (QPM) equation of state (EOS) to describe the basic partonic properties of
QGP phase. To define the dynamics of the system created in the heavy ion collisions, we
have used the (1+1)-dimensional viscous hydrodynamics. We have included only the shear
viscosity and neglect the bulk viscosity. We have also suitably incorporated the overall
feed-down correction from the higher charmonium states (χc and ψ
′
) to the charmonium
(J/ψ).
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II. MODEL FORMALISM
The abundance of charm quark, anti-quark and their bound state i.e, charmonia states
(J/ψ, χc, ψ
′
etc.) is governed by a simple master equation involving two reactions: the
formation reaction and the dissociation reaction. Thus the time evolution of the number of
bound charmonium state in the deconfined region can be written as [33]:
dNJ/ψ
dτ
= ΓF,nlNc Nc¯ [V (τ)]
−1 − ΓD,nlNJ/ψ. (1)
In the above equation, the first term in the right hand side represents the formation term
by recombination of uncorrelated charm quark and anti-quark. The second term in the
right hand side is the dissociation term of charmonium. ΓD,nl and ΓF,nl are the dissociation
width and recombination reactivity corresponding to the dissociation and regeneration of
charmonia, respectively. It is important here to mention that the unit of ΓD,nl is in GeV
or fm−1. However, the recombination reactivity ΓF,nl has its units in fm
2 or GeV−2. It
only change in the unit of fm−1 or GeV when it is multiplied by the inverse of the system
volume [V (τ)]−1. Nc, Nc¯ and NJ/ψ are the numbers of produced charm, anti-charm and
J/ψ, respectively. At the initial time, we have taken Nc=Nc¯=Ncc¯. When the total number
of regenerated charmonia is less than the initial number of Ncc¯, one can obtain the analytical
solution of Eq.(1) as follows [34]:
NJ/ψ(τf , b) = ǫ(τf )
[
NJ/ψ(τ0, b) +N
2
cc¯
∫ τf
τ0
ΓF,nl[V (τ)ǫ(τ)]
−1dτ
]
, (2)
where τ0 is the initial thermalization time of the QGP and τf is the life time of the QGP.
NJ/ψ(τ0, b) is the initial multiplicity and NJ/ψ(τf , b) is the finally survived number of J/ψ
meson. The variables used in the Eq. (2), ǫ(τf ) and ǫ(τ) are the suppression factors which
can be obtained using the following expressions :
ǫ(τf ) = exp
[
−
∫ τf
τ0
ΓD,nl dτ
]
, (3)
and
ǫ(τ) = exp
[
−
∫ τ
τ0
ΓD,nl dτ
]
. (4)
We have defined ΓD,nl as the net sum of collisional damping reaction rate (Γdamp,nl) and
gluonic dissociation reaction rate (Γgd,nl) of charmonia in QGP, given as;
ΓD,nl = Γgd,nl + Γdamp,nl. (5)
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The initial time (τ0) is taken as the formation time required for the charmonia formation
and where the dissociation due to color screening becomes zero. τ0 is taken as 0.89, 2.0 and
1.5 for J/ψ, χc and ψ
′
, respectively [42].
A. Gluonic Dissociation and Collisional Damping
The dissociation of cc¯ bound state due to gluonic dissociation along with collisional
damping in QGP medium was formulated by Wolschin et el. [12, 38]. Here we briefly
discussed about these dissociation mechanisms.
1. Collisional Damping
To determine the collisional dissociation and gluonic dissociation rate, we take the help
of effective potential models. In our work, we have used the singlet potential for c− c¯ bound
state in the QGP as follows [38];
V (r,mD) =
σ
mD
(1− e−mD r)− αeff
(
mD +
e−mD r
r
)
−iαeffT
∫ ∞
0
2 z dz
(1 + z2)2
(
1− sin(mD r z)
mD r z
)
, (6)
where the first and second term in the right hand side is the string term and the columbic
term, respectively. The third term in the right hand side is the imaginary part of the
heavy-quark potential. In the above Eq. (6) :
• σ is the string tension constant between cc¯ bound state, given as σ = 0.192 GeV2.
• mD is Debye mass, mD = T
√
4παTs
(
Nc
3
+
Nf
6
)
, and αTs is coupling constant at hard
scale, as it should be αTs = αs(2πT ) ≤ 0.50 [38]. For charmonia we found αTs ≃ 0.25
. Here we have considered, Nc = 3 & Nf = 3 and evolution of temperature, T as the
function of time, τ and impact parameter, b [39].
• αeff is effective coupling constant, depending on the strong coupling constant at soft
scale αss = αs(mcαs/2) = 0.4725, given as αeff =
4
3
αss.
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The decay rate, Γdamp,nl, accounts for collisional damping by the QGP partons. The imag-
inary part of potential causes the collisional damping (also termed as Landau damping in
the literatures). Therefore, the decay rate can be obtained, in a first order perturbation, by
folding of imaginary part of the potential with the radial wave function and is given by;
Γdamp,nl =
∫
[gnl(r)
† [Im(V )] gnl(r)]dr, (7)
here, gnl(r) is charmonia wave function. Corresponding to different values of n and l, we
have obtained the wave functions for 1S(J/ψ), 1P (χc) and 2S(ψ
′
) by solving the Schro¨dinger
equation.
2. Gluonic Dissociation
In a QGP, gluons can collide with a color-singlet heavy quarkonium leading to its dis-
sociation. The ultra-soft gluon makes the color-singlet object to a color-octet object which
further dissociates at the time of freeze-out. The cross-section for this gluonic dissociation
process can be given as follows [38]:
σd,nl(Eg) =
π2αusEg
N2c
√
mc
Eg + Enl
(
l|Jq,l−1nl |2 + (l + 1)|Jq,l+1nl |2
2l + 1
)
, (8)
where, Jql
′
nl is the probability density obtained using the singlet and octet wave functions as,
Jql
′
nl =
∫ ∞
0
dr r g∗nl(r) hql′(r) (9)
and
• mc = 1.3 GeV, is the mass of the c and c¯.
• αus ≃ 0.59 [38], is coupling constant, scaled as αus = αs(αsm2c/2).
• Enl is energy eigen values corresponding to charmonia wave function, gnl(r).
• the radial wave function hql′(r) has been obtained by solving the Schro¨dinger equation
with the octet potential V8 = αeff/8r and the value of q is determined from energy
conservation, q =
√
mc(Eg + Enl).
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FIG. 1: (Color online) Variation of total dissociation width with temperature along with its
components i.e., gluonic dissociation width and width due to collisional damping.
The Schro¨dinger equation has been solved by taking a 104 point logarithmically spaced
finite spatial grid and solving the resulting matrix eigen value equations [39]. For the
octet modeling the potential is repulsive , which implies that the quark and antiquark can
be far away from each other. To account for this, the finite spatial grid is taken over a
very large distance, namely 102, as an approximation for infinity. The octet wave function
corresponding to large cc¯ distance have negligible contribution to the gluonic dissociation
cross section.
To obtain the gluonic decay rate Γgd,nl, we have calculated the mean of gluonic dissocia-
tion cross section by taking its thermal average over Bose-Einstein distribution function for
gluons. Thus the rate of gluonic dissociation can be written as:
Γgd,nl =
gd
2π2
∫ ∞
0
dpg p
2
gσd,nl(Eg)
eEg/T − 1 (10)
where gd = 16 is the number of gluonic degrees of freedom. The Eq.(10) has been derived
for idealized case where J/ψ is at rest in a thermal bath of gluons.
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FIG. 2: (Color online) Variation of gluo-dissociation cross section of J/ψ with respect to gluon
energy, Eg at T = 0.170 GeV and T = 0.300 GeV.
The total dissociation rate along with its components i.e., gluonic dissociation and colli-
sional damping decay rates versus temperature are shown in Fig. 1. This figure depicts that
the decay rate of charmonia due to gluonic dissociation remains insignificant till T = 0.250
GeV and increases slowly beyond this temperature. Whereas, collisional damping decay
rate contributes significantly throughout whole temperature range. Gluonic dissociation
cross section for J/ψ versus gluon energy, Eg at the temperatures, T = 0.170 GeV and
T = 0.300 GeV are also depicted in Fig. 2.
B. Regeneration via c and c¯ quarks
The recombination reactivity, ΓF,nl required in Eq. (2) is calculated by taking the thermal
average of product of recombination cross section and initial relative velocity between c and
c¯, < σf,nl vrel >pc using modified Fermi-Dirac distribution function of charm quark at
temperature T as follows [35];
ΓF,nl =
∫ pc,max
pc,min
∫ pc¯,max
pc¯,min
dpc dpc¯ p
2
c p
2
c¯ fc fc¯ σf,nl vrel∫ pc,max
pc,min
∫ pc¯,max
pc¯,min
dpc dpc¯ p2c p
2
c¯ fc fc¯
, (11)
where, pc and pc¯ are momentum of charm and anti-charm quark, respectively. The fc,c¯
is the modified Fermi-Dirac distribution function of charm and anticharm quark given as,
fc,c¯ = λc,c¯/(e
Ec,c¯/T +1), here Ec,c¯ =
√
p2c,c¯ +m
2
c,c¯ is the energy of charm and anticharm quark
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in medium with mass, mc,c¯ = 1.3 GeV and λc,c¯ is their respective fugacity term [43]. We
have calculated relative velocity of cc¯ pair in medium, given as:
vrel =
√
(pµc pc¯µ)2 −m4c
p2c p
2
c¯ +m2c(p
2
c + p
2
c¯ +m2c)
(12)
The recombination cross section σf,nl has been obtained using detailed balance from the
dissociation cross section σd,nl [33] as follows:
σf,nl =
48
36
σd,nl
(s−M2nl)2
s(s− 4 m2c)
. (13)
Here, Mnl = (MJ/ψ, χc, ψ
′
), is the mass of the charmonium states. The s = (p1 + p2)
2 is
related to the center of mass energy of the cc¯ pair with p1 and p2 as four momentum of c
and c¯ quarks, respectively.
The ΓF for J/ψ versus temperature T at both, RHIC and LHC energies are shown
in Fig. 3. Its value at RHIC energy is found to be larger as compared to corresponding
number at LHC energy. This trend may be due to the low initial momenta of charm and
anti-charm quark which participate in the J/psi formation at RHIC compared to LHC. It is
also obvious from the above figure that the recombination reactivity, ΓF at LHC increases
with temperature, attains maximum value at around T = 0.225 GeV and vanishes at
T = 0.300 GeV. Whereas, at RHIC energy it peaks at T = 0.300 GeV and remains finite
even at temperature T = 0.400 GeV.
C. Inputs to the model
In this section we provide the prescriptions to calculate various inputs which have been
used in our model. NJ/ψ(τ0) and Ncc¯ in Eq. (2) is the initially produced J/ψ and cc¯ pair
in heavy ion collisions. We have calculated these quantities using Glauber model, for per
event as follows;
NJ/ψ(τ0, b) = σ
NN
J/ψ TAA(b) (14)
here, TAA(b) is nuclear overlap function, its impact parameter (b) dependent values have
been taken from Ref. [44]. The σNNJ/ψ is the cross section for production in p+p collision and
11
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FIG. 3: (Color online) Variation of recombination reactivity with respect to temperature at RHIC
(
√
sNN = 200 GeV) and at LHC (
√
sNN = 2.76 TeV).
its values for RHIC at
√
s = 200 GeV and for LHC at
√
s = 2.76 TeV are given in Table I.
Table I. All cross sections are in mili-barn (mb) unit
σNNJ/ψ σ
NN
χc σ
NN
ψ′
LHC 0.0072 [45] 1.0σNNJ/ψ 0.30σ
NN
J/ψ
RHIC 0.00139
[45]
1.0σNNJ/ψ 0.30σ
NN
J/ψ
Similarly, we have calculated Ncc¯ from Glauber model;
Ncc¯(b) = σ
NN
cc¯ TAA, (15)
where σNNcc¯ is the cross section for cc¯ pair production in p+p collision. The σ
NN
cc¯ has been
calculated using pQCD approach for GRV HO hadronic structure function [34], we have
obtained σNNcc¯ = 3.546 mb for LHC at
√
s = 2.76 TeV and σNNcc¯ = 0.346 mb for RHIC at√
s = 200 GeV. The quantity V (τ) is the volume as a function of time τ . It is based on the
QPM EOS of QGP and the isentropic evolution of QGP [40] and given by,
V (τ, b) = v0(b)
(τ0
τ
)( 1R−1)
, (16)
where, R is the Reynolds number [40] and v0(b) is the initial volume at time τ0, given as,
v0(b) = π (rt − b/2)2τ0, here rt is the radius of fireball created.
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Here we use a cooling law for temperature which not only depends on proper time (τ) but
also varying with respect to number of participants (Npart). The cooling law for temperature
which connects proper time and Npart to the temperature of the system is as follows [39] :
T (τ) = Tc
(
Npart(bin)
Npart(bin0)
)1/3 (τQGP
τ
)1/3
, (17)
where Npart(bin0) is the number of participant corresponding to the most central bin as used
in our calculation and Npart(bin) is the number of participant corresponding to the bin at
which we want to calculate the temperature. τQGP is the lifetime of QGP.
D. Cold Nuclear Matter Effect
We have already discussed about shadowing, absorption and cronin effect as the three
main nuclear effects on the charmonium production. Nuclear absorption and Cronin effect
are not included in our calculation. We incorporate shadowing as the only dominant CNM
effect in the current work.
1. Shadowing Effect
We have used the EPS09 parametrization to obtain the shadowing for nuclei, with atomic
mass number A, momentum fraction x, and scale µ, Si(A, x, µ) [46, 47]. The spatial
variation of shadowing can be given in terms of shadowing and the nucleon density ρA(r, z)
as follows:
Siρ(A, x, µ, r, z) = 1 +Nρ[S
i(A, x, µ)− 1]
∫
dz ρA(r, z)∫
dz ρA(0, z)
, (18)
where Nρ is determined by the following normalization condition: [39],
1
A
∫
d2rdz ρA(s) S
i
ρ(A, x, µ, r, z) = S
i(A, x, µ). (19)
The suppression factor due to shadowing is defined as;
Ssh = RAA(b) =
dσAA/dy
TAA dσpp/dy
(20)
As mentioned in Ref. [48], the color evaporation model gives σAA and σpp, as follows:
σAA =
∫
dz1 dz2 d
2r dx1 dx2 [f
i
g(A, x1, µ, r, z1)
×f jg (A, x2, µ, b− r, z2) σgg→QQ(x1, x2, µ)], (21)
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σpp =
∫
dx1 dx2 [fg(p, x1, µ) fg(p, x2, µ) (22)
σgg→QQ(x1, x2, µ)].
Here, x1 and x2 are the momentum fraction of the gluons in the two nuclei and they are
related to the rapidity [39]. The superscripts i and j refer to the projectile and target nuclei,
respectively.
The function f ig(A, x, µ, r, z1) is determined from the gluon distribution function for
proton fg(p, x, µ) by using the following relations:
• f ig(A, x1, µ, r, z1) = ρA(s)Si(A, x1, µ, r, z) fg(p, x1, µ).
• f jg (A, x2, µ, b− r, z2) = ρA(s)Sj(A, x2, µ, b− r, z) fg(p, x2, µ).
The value of the gluon distribution function fg(p, x, µ) in a proton (indicated by label p)
has been estimated by using CTEQ6 [49].
E. Color Screening
We treat color screening as independent suppression mechanism acting till formation
of charmonium bound states followed by gluonic dissociation along with the collisional
damping. Original color screening mechanism [50] have been modified by Mishra et al., [51].
In our present work we have used quasiparticle model (QPM) equation of state (EOS) based
model in which pressure profile [40] and cooling law of pressure are the main ingredients.
The cooling law of pressure is given by
p(τ, r) = A+
B
τ q
+
C
τ
+
D
τ c2s
(23)
where A = -c1, B = c2c
2
s, C =
4ηq
3(c2s−1)
and D = c3, here c1, c2, c3 are constants and have
been calculated [40, 41] using different boundary conditions on energy density and pressure.
Determining the pressure profile at initial time τ = τi and at screening time τ = τs we get,
p(τi, r) = A+
B
τ qi
+
C
τi
+
D
τ
c2s
i
= p(τi, 0) h(r) (24)
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p(τs, r) = A+
B
τ qs
+
C
τs
+
D
τ
c2s
s
= pQGP , (25)
here pQGP is the pressure of QGP inside screening region, required to dissociate J/ψ, as
determined by QPM EOS of QGP [40, 41]. After combining cooling law and pressure profile
and equating screening time to the dilated formation time, we determined the radius of
screening region rs.
Assuming that cc¯ is formed inside screening region at a point whose position vector is
~r. It moves with transverse momentum pT making an azimuthal angle φ (angle between
the transverse momentum and position vector rJ/ψ). Then the condition for escape of cc¯
without forming charmonium states is expressed as:
cosφ ≥ Y ; Y = (r
2
s − r2J/ψ)m− τ 2Fp2T/m
2rJ/ψτFpT
, (26)
where, rJ/ψ is the position vector at which the charm, anti charm quark pair is formed, τF is
the proper formation time required for the formation of bound states of cc¯ from correlated
cc¯ pair and m is the mass of charmonia (m = MJ/ψ, Mχc , Mψ′ for different resonance
states of charmonium).
1. Survival Probability
In the color screening scenario, the survival probability of charmonia in QGP medium can
be expressed as;
Sc(pT , Npart) =
2(α + 1)
πR2T
∫ RT
0
dr r φmax(r)
{
1− r
2
R2T
}α
, (27)
where α = 0.5 [50, 51].
The condition on azimuthal angle φmax given by Eq.(4) is expressed as;
φmax(r) =


π if Y ≤ −1
π − cos−1|Y | if 0 ≥ Y ≥ −1
cos−1|Y | if 0 ≤ Y ≤ −1
0 if Y ≥ 1


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Then we have obtained pT integrated survival probability in the color screening scenario,
given as [40, 41];
Sc(Npart) =
∫ pTmax
pTmin
S(pT , Npart)dpT∫ pTmax
pTmin
dpT
(28)
for J/ψ, χc and ψ
′
denoted by S
J/ψ
c , Sχcc and S
ψ
′
c , respectively. The range of pT values used
here is allowed by the corresponding experimental data.
F. Net Survival Probability
N iJ/ψ(τ0, b) = NJ/ψ(τ0, b) Ssh (29)
In Eq. (2), we have replaced NJ/ψ(τ0, b) with N
i
J/ψ(τ0, b) from Eq. (29) and re-obtained the
Eq. (2), as follows;
NfJ/ψ(τf , b) = ǫ(τf )
[
N iJ/ψ(τ0, b) +N
2
cc¯
∫ τf
τ0
ΓF,nl [V (τ)ǫ(τ)]
−1dτ
]
(30)
Now the survival probability due to shadowing and gluonic dissociation along with collisional
damping can be written as;
SJ/ψg =
NfJ/ψ(τf , b)
NJ/ψ(τ0, b)
(31)
In this model we have assumed that at initial stage of QGP the color screening would be
dominated independent to the gluonic dissociation but at later stage it would partially affect
the J/ψ formation and can be coupled with gluonic dissociation. So we have incorporated
the color screening at the initial stage of QGP followed by gluonic dissociation along with
the collisional damping including shadowing. We expressed the survival probability using
Eq. (28) and Eq. (31);
S
J/ψ
f = S
J/ψ
c S
J/ψ
g (32)
In the same way we calculated the survival probability for χc and ψ
′
, written as, Sχcf and
Sψ
′
f , respectively.
It has been observed that only 60% of J/ψ come up by direct production whereas 30% is
from the decay of χc and 10% is form the decay of ψ
′
, so the net survival probability SJ/ψ
of a mixed system after incorporating feed-down is given as:
SJ/ψ =
0.60 NJ/ψ S
J/ψ
f + 0.30 Nχc S
χc
f + 0.10 Nψ′ S
ψ
′
f
0.60 NJ/ψ + 0.30 Nχc + 0.10 Nψ′
(33)
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III. RESULTS AND DISCUSSIONS
Before going to our results, we want to state that some short-hand notations have been
used by us to show the different physical processes in the plots. We have used GD for gluonic
dissociation, CD for collisional damping, CS for colour screening, S for shadowing as a CNM
effect, FD for the feed-down correction and R for the regeneration via recombination of c
and c¯ quarks.
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FIG. 4: (Color online) Survival probability (Sp) of J/ψ in QGP medium versus Npart including glu-
onic dissociation (GD) and collisional damping (CD) at RHIC energy with and without shadowing
effect (S).
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FIG. 5: (Color online) Survival probability versus Npart with gluonic dissociation (GD) and colli-
sional damping (CD) along with color screening (CS) at RHIC with and without shadowing effect
(S).
17
0 100 200 300 400
NPart
0
0.2
0.4
0.6
0.8
1
1.2
S P
RHIC: Experimental RAA
R
GD + CD + CS + S + R
RHIC
FIG. 6: (Color online) Same as Fig. 6 but recombination effect (R) is also included. Only recom-
bination (R) is also shown here.
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FIG. 7: (Color online) Same as Fig. 7 but feed-down (FD) due to higher resonances namely, χc
and ψ
′
is also included.
Fig. 4 depicts our prediction on suppression (in terms of pT integrated survival probabil-
ity, Sp) of J/ψ in the QGP medium formed at RHIC as a function of Npart at mid rapidity
arising due to gluonic dissociation and collisional damping with and without shadowing
as a CNM effect. The experimental data on J/ψ suppression obtained from the PHENIX
experiment at RHIC [5] at center of mass energy,
√
sNN = 200 GeV are also shown on
the same graph for comparison with our predicted results. It is obvious from the above
figure that our result under-predicts the observed J/ψ suppression data without including
shadowing. However, after including shadowing, it captures the experimental data on sup-
pression reasonably well. In Fig. 5, we have plotted survival probability versus Npart after
including color screening along with the gluonic dissociation and collisional damping with
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and without shadowing effect. Our predicted result is almost similar to the shown in Fig. 4
since color screening only affects on higher charmonium states at RHIC energy. In Fig. 6,
we have plotted variation of recombination factor at RHIC energy versus Npart. This graph
indicates that at RHIC energy, recombination for J/ψ increases very slowly with Npart and
reaches to slightly greater than unity at the most central collisions. All the above mentioned
suppression (GD+CD+CS+S) along with the recombination are also plotted on the same
graph which obviously will be nearly identical to the variation shown in Fig. 5 since the
recombination factor turns out to be small even with higher recombination reactivity at
RHIC as compared to LHC. This trend of reactivity is due to the low initial momentum of
c and c¯ quarks (in contrary to that happens at LHC due to high initial momentum) which
participate in the secondary charmonia formation at RHIC energy. Furthermore, the recom-
bination is mainly governed by the number of cc¯ pair produced initially and reactivity of the
uncorrelated c and c¯ pair. Due to less number of cc¯ pair produced during the initial stage of
collisions at RHIC energy and its quadratic dependence on Ncc¯, the recombination is found
to be small even with significant recombination reactivity at RHIC energy. So far, we have
not included feed-down due to the decay of higher resonances of charmonium namely, χc and
ψ
′
to J/ψ. Therefore, survival probability of J/ψ with contributions coming from all the
suppression mechanisms (GD+CD+CS+S) mentioned above along with the recombination
and feed-down via the decay of χc and ψ
′
to J/ψ is plotted with respect to Npart in Fig.
7. After including the feed-down due to higher charmonium reasonances, J/ψ suppression
increases at all centralities at RHIC energy but still within experimental error bars. Thus,
our results agree reasonably well with the suppression data at mid rapidity obtained from
the PHENIX experiment at RHIC at center of mass energy,
√
sNN = 200 GeV.
Fig. 8 shows J/ψ suppression at mid rapidity versus Npart due to the gluonic dissociation
and collisional damping with and without shadowing as a CNM effect. The experimental
data on J/ψ suppression at mid rapidity obtained from the CMS experiment at LHC [6]
center of mass energy,
√
sNN = 2.76 TeV are also depicted on the same graph for compari-
son. Our result without shadowing shows good agreement with the experimental data while
with shadowing effect, it over predicts the suppression. Fig. 9 includes color screening with
the above suppression contributions namely, gluonic dissociation and collisional damping
with and without shadowing effect. This figure implies that our predicted result captures
data without inclusion of shadowing effect. While with shadowing effect, it shows over
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FIG. 8: (Color online) Survival probability (Sp) of J/ψ in QGP medium versus Npart including
gluonic dissociation (GD) and collisional damping (CD) at LHC energy with and without shadowing
effect (S).
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FIG. 9: (Color online) Survival probability versus Npart with gluonic dissociation (GD) and colli-
sional damping (CD) along with color screening (CS) at LHC with and without shadowing effect
(S).
suppression. Regeneration factor due to recombination of uncorrelated c and c¯ pair at LHC
energy and feed-down via decay of higher resonances are two important phenomenon which
need to be incorporated to explain the data. Therefore, in the next two figures, we have
plotted above recombination effect with all the above mentioned suppression mechanisms
(GD+CD+CS+S) with and without feed-down arising due to higher resonance states of
the charmonium. Fig. 10 presents all the above suppression contributions and regeneration
factor without including feed-down effect due to higher resonances. Only recombination is
also presented on the same plot. This figure indicates that recombination of uncorrelated cc¯
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FIG. 10: (Color online) Same as Fig. 9 but recombination effect (R) is also included. Only
recombination (R) is also shown here.
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FIG. 11: (Color online) Same as Fig. 10 but feed-down (FD) due to higher resonances namely, χc
and ψ
′
is also included.
pairs at LHC energy varies from around 1.1 at the most peripheral to around 1.3 at the most
central collisions. Compratively larger recombination occurs here due to the sizable number
of cc¯ pairs produced at the LHC even with lower recombination reactivity. This figure
clearly indicates that our predicted results capture the trend of data spanning over almost
the whole range ofNpart. However, it depicts slight over suppression almost at all centralities.
From Fig. 10, it is also evident that at LHC energy, recombination begins to decrease
beyond a certain value of Npart in contrary to the expectation based on its quadratic de-
pendence on Ncc¯ pairs and on volume V (τ). In fact, recombination has somewhat complex
dependence since it does not only depend on the Ncc¯ and V (τ) but also on the recombina-
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tion reactivity ΓF of uncorrelated c and c¯ which further depends on the temperature of the
medium and momentum of c and c¯. Decrease of recombination factor at the highest Npart
i.e., at the most central collision may be due to the peak value of ΓF occurring at compra-
tively lower temperature (than at RHIC energy) and significantly small value at the highest
Npart. The temperature corresponding to that Npart at LHC is too large and at that much
higher temperature, the value of ΓF becomes very small (as can be seen from Fig. 3). That
is why even with the highest value of Ncc¯ at the most central collisions at LHC energy, the
small and the reducing trend of ΓF with temperature gives the overall decreasing behavior
to the recombination factor. One can observe from Fig. 6 that recombination factor at
RHIC does not depict this kind of diminishing trend at the most central collisions. This is
because the corresponding ΓF value remains significantly large at RHIC (see Fig. 3) even
at the most central collisions (at high temperatures). Thus there is no reducing trend in the
recombination factor at the most central collisions at RHIC unlike at LHC energy. Despite
of the above facts, recombination factor at LHC is always higher than the corresponding
value at RHIC energy for each centrality class (comparison between Figs. 6 and 10) which
shows the dominance of N2cc¯ dependence.
Fig. 11 depicts our results for survival probability of J/ψ with respect to centrality after
including contributions from all the suppression mechanisms (GD+CD+CS+S) as a function
of Npart along with the recombination and feed-down due to decay of higher charmonium
resonance states to J/ψ. Comparison of Figs. 10 and 11 shows that feed-down due to the
decay of higher charmonium states to J/ψ increases the suppression a little bit at LHC energy
and slightly over predicts the suppression. However, it still depicts reasonable agreement
with the data at LHC energy under the experimental uncertainties. Thus, our analysis
shows that the current unified model approach based on the combination of commonly
employed suppression and recombination effects present reasonably good agreement with
the experimental data at RHIC and LHC energy over the whole range of centrality.
IV. CONCLUSIONS
In conclusions, we have explained recent J/ψ suppression data at mid rapidity obtained
from RHIC and LHC experiments using a common formulation based on Debye color screen-
ing, gluonic dissociation and collisional damping (popularly termed as Landau damping in
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the literatures) along with the recombination of uncorrelated c and c¯ pairs in the later stage
QGP formation. Shadowing of parton distribution as a CNM effect determined by Vogt
approach and feed-down due to decay of higher resonances of charmonium have also been
included in the current work. Recombination effect is incorporated via a transport approach
using two self coupled transport equations. The QGP medium is assumed to be expanding
under Bjorken’s scaling law at mid rapidity. Our current model based on the combination
of color screening, gluonic dissociation along with collisional damping plus recombination
effect explain J/ψ suppression data obtained from both the energies reasonably well without
introducing any extra parameter while moving from one set of data at one energy to another
set of data at other energy. The explanation of two different sets of suppression data at two
different energies, differing by few orders of magnitude, employing a single set of mechanisms
without including any new parameter, obviously add importance to our current approach.
It is also clear from our results that J/ψ suppression in QGP medium is a result of many
complex suppression mechanisms contrary to a single mechanism. Recombination is also
important to include to explain charmonium suppression especially at LHC energy. It is
worthwhile to note here that although there are few parameters in our current formulation
yet not even a single parameter is varied freely in order to explain the suppression data. We
have taken all parameter values based on earlier works.
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